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ABSTRACT
The current work is on the development of continuous fiber reinforced ceramic
materials (CFCCs) for use in ultra high temperature applications. These applications
subject materials to extremely high temperatures(> 2000°C). Monolithic ceramics are
currently being used for these applications, but the tendency to fail catastrophically has
driven the need for the next generation of material. Reinforcing with continuous fibers
significantly improves the toughness of the monolithic materials; however, this is a
manufacturing challenge. The development of commercial, low-viscosity preceramic
polymers provides new opportunities to fabricate CFCCs. Preceramic polymers behave
as polymers at low temperatures and are transformed into ceramics upon heating to high
temperatures. The polymer precursors enable the adaptation of well-established polymer
processing techniques to produce high quality materials at relatively low cost. In the
present work, SMP-10 from Starfire Systems, and PURS from KiON Corp. were used to
manufacture ZrB 2 -SiC/SiC CFCCs using low cost vacuum bagging process in
conjunction with the polymer infiltration and pyrolysis process. The microstructure was
investigated using scanning electron microscopy and it was determined that the initial
greenbody cure produced porosity of both closed and open pores. The open pores were
found to be more successfully re-infiltrated using neat resin compared to slurry reinfiltrate; however, the closed pores were found to be impenetrable during subsequent reinfiltrations. The mechanical performance of the manufactured samples was evaluated
using flexure tests and found the fiber reinforcement prevented catastrophic failure
behavior by increasing fracture toughness. Wedge sample were fabricated and evaluated
to demonstrate the ability to produce CFCC of complex geometry.
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1. INTRODUCTION

1.1. DEMAND FOR ULTRA HIGH TEMPERATURE MATERIALS
The need for improved gas turbine efficiency, advances in hypersonic vehicle
design, increase of nuclear reactor operation temperatures, and other advanced
applications are driving the need for material with higher mechanical property
performance at extremely high temperatures. The materials that are used in these
applications are referred to as ultra high temperature materials (UHTM) and are required
to be able to perform in temperatures ranging from 1600°C to 3000°C. The increase in
demand on these materials has driven an increase of research and development of new
UHTM and of novel approaches to the manufacturing processes of these materials.
Continuous fiber reinforced ceramic composites (CFCCs) are currently considered a
prime candidate for these applications; therefore, the focus of this study is on this
category of materials for ultra high temperature applications.
The aerospace industry has had the strongest push for ultra-high temperature
applications. Matsuda et al. [1] from Japan's Kawasaki Heavy Industries are working to
develop a ceramic matrix composite (CMC) material for propulsion system combustor
liners that have been pushed to temperatures that exceed current super-alloy capability in
order to improve turbine efficiencies in small turbo-shaft engines for helicopters. For
their work, a woven ceramic fiber preform was used as a reinforcment in a SiC matrix
that was formed using a polymer impregnated and pyrolysis process. Also, Watanabe et
al. [2] at Ishikawajima-Harima Heavy Industries have been working on CMC materials
for hollow vane structures that will be subjected to extreme conditions in the aft section
of gas turbine engines with temperatures in excess of 1320°C. Their study explores the
use of SiC fiber reinforced SiC matrix as a prospective candidate to replace aNi-based
super alloy. Other studies [3] have been on the development of hypersonic flight cruise
missiles and vehicles that require control surfaces and nose cone materials to withstand
sustained temperatures exceeding 2000°C.
Studies on non-airspace aplications are also contributing to the development of
new ultra high temperature materials. Materials for use as control rod cladding and guide
tubes within very high temperature reactor designs that are required to have high thermal
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stability, good fracture toughness, and high irradiation stability during service [4].
Materials that are chemically and physically stable at high temperatures while exposed to
a reactive atmosphere are required for use in these, and other ultra high temperature
applications.
As the demand for these materials has increased, the need for more knowledge on
these materials has also increased. Found from a search on a database of abstracts and
citations in the last 20 years, the number of publications on UHTM has increased by over
a factor of 10, as can be seen in Figure 1.1. This graph shows that there has been a steady
increase in interest of ultra high temperature materials. During the last 10 years, there
has been a growing interest in CFCCs due to their improved damage tolerance over
monolithic ceramic materials and improvements on pre-ceramic polymers and
manufacturing processes [5-8].

Publications on "Ultra High
Temperature Materials"
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Figure 1.1: Number of publications referenced to "ultra high temperature material" on a
database of abstracts and citations from 1992 to 2012
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1.2. ULTRA HIGH TEMPERATURE MATERIALS
UHTM is a category of materials that are required to be chemically inert as well
as exhibit a high strength and high elastic modulus at high temperatures. There are three
main groups of materials that have been developed for ultra high temperature
applications. Some superalloys have shown promise for high temperature applications,
but have limitations that have driven a need for an alternative. Certain monolithic
ceramics have traditionally exhibited properties that satisfy the requirement for these
applications; however, low fracture toughness and manufacturing limitations have
propelled the drive for the next generation of UHTMs. Ceramic composites have shown
promise of being the next generation of UHTMs with the potential for increased
toughness over monolithic ceramics and more flexible fabrication techniques.
Ultra high temperature superalloys, termed as "refractory superalloys", are designed to
have high toughness and strength at high temperatures, but are limited to use on the low
end of the ultra high temperature spectrum. The temperature capability of these
superalloys has improved over the last 50 years; however, excessive creep rates at high
temperatures limited their use to around 1400°C to 1600°C [9-12]. Applications at
temperatures that exceed this threshold require the use of alternative materials.
Due to temperature resistive properties, monolithic ceramics have historically been used
for ultra high temperature applications that exceed 1600°C. Shown in Table 1.1 is the
limited number of materials that are able to withstand such extreme temperatures. This
list largely consists of the borides, carbides, and nitrides of transition metals such as
ZrB 2 , HfB 2 , ZrC, and HfN, which have melting temperatures in excess of 3000°C
[13,14]. However, the low fracture toughness leading to catastrophic failure has limited
their applications and has driven the development of CFCC's [15].

Table 1.1: Materials with melting temperatures above 3000°C
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CFCCs offer substantial improvements in damage tolerance over monolithic
ceramic materials, as can be seen in Figure 1.2(left). The damage tolerance is a result of
the complex failure mechanisms of CFCCs such as matrix cracking, fiber pull-out, and
fiber breakage. Figure 1.2(right) is an illustration of the crack propagation through a
ceramic composite. This shows the ideal failure that will accrue to result in a toughened
material. The top image shows the deflection of crack path as it encounters a fiber. This
deflection is due to a weak interface between the fiber and the matrix allowing for
debonding that prevents the crack from proceeding straight through the fiber. The
debonding prior to fiber failure, and the resultant load retention from the fiber pullout
phenomena have both shown to retard crack propagation and increase the toughness of
the ceramic materials [15-17]. Also, significant weight savings can be achieved by
replacing the metal super alloys with tough and lightweight CFCCs. However, CFCCs
are new materials and yet to be explored especially in the areas of processing, modeling,
testing, and manufacturing; therefore, this new material is the focus of this study.

Further Matrix
Cracking- Crack
Otflfction at \
lnttrfact

Debonding

~

Initiation of
Matrix Cracking

Fiber Pull.out

Tension Strain

Figure 1.2: Theoretical Stress vs. Strain comparison between monolithic ceramic and
CFCC materials (left) diagram of complex failure mechanism (right)
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1.3. CFCCS MANUFACTURING PROCESSES
There has been a multitude of approaches for manufacturing CFCCs, but only a
few are considered viable approaches to making quality materials. Many traditional
monolithic ceramic manufacturing techniques have proven to be ineffective at producing
CFCCs; however, there are currently several different processes that are considered
effective techniques for the manufacturing of CFCCs: Chemical Vapor Infiltration (CVI),
Melt Infiltration (MI) also called Liquid Silicon Infiltration (LSI), and Polymer
Infiltration and Pyrolysis (PIP) also called Liquid Polymer Infiltration (LPI) [ 18].
Traditional ceramic manufacturing, such as Hot Pressings or Hot Press Sintering, are
today' s most common technique for preparing ceramic materials. This process makes
use of powder ceramic materials that are processed and consolidated, with use of a press,
to a greenbody state. The greenbody is rigid body, prior to sintering, in which there may
or may not be organic binders present. The material is then sintered at high temperature
and pressure, essentially melting the particles together, and burning off any organic
material to produce a fully dense solid. These techniques are limited in their use to
produce CFCCs because of damage incurred by the fibers during manufacturing. It has
been shown that the high-pressure heat treatment required in densifying ceramic powder
compacts causes decomposition in fibers that have an oxygen containing phase such as
Si-0-C [19-21]. It has also been shown that even in fibers with low crystallinity, the
high-pressure heat treatment causes creep deformation in the fibers that leads to strength
degradation [22]. These downfalls of traditional manufacturing methods have pushed for
the development of new manufacturing techniques.
In the last few decades, there has been an increase in research interest in the
development of alternative, low-pressure and low-temperature methods for the
preparation of ceramics [23]. Ceramics manufactured using CVI process produce
materials that have low porosity, offering high mechanical strength and high strain
capability. This process involves the deposition of a solid material on to an activated or
heated surface by reaction with a gaseous phase of an inorganic precursor in forms of
halides and metal carbonyls as a source of vapor [24,25]. CVI has been successfully used
to produce monolithic parts and ceramic composites and is considered an effective
technique for forming fiber reinforced ceramic [26,27] . For full densification of the
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ceramic materials, multiple infiltration cycles are required. Chemical vapor infiltration is
widely used for fabrication of ceramic matrix composites; however, this process is very
slow due to low diffusion rates while the equipment required is more specialized,
resulting in an expensive process.
Polymer infiltration and pyrolysis process is showing potential promise to be a
considerably more simple process of developing CFCCs than the CVI technique and
producing materials with equally low void content. This method involves condensing of
organometallic compounds, referred to as polymer precursors, into inorganic materials
via heat treatment under controlled atmosphere. Fabrication of CFCCs by this method
can be processed and shaped using conventional fiber reinforced polymer composite
processing such as resin transfer molding, vacuum assisted resin transfer molding, and
out-of-autoclave bagging techniques at relatively low processing temperatures and
pressures [28,29]. The lower processing temperatures reduce the occurrence of fiber
damage in reinforced ceramic matrix composites; therefore the PIP process has been
deemed an attractive option for fabrication of continuous fiber reinforced ceramic
composites [30].

1.4. POLYMER PRECURSORS
Polymer precursors, or preceramic polymers, are inorganic/organometallic
compounds that behave as characteristic polymers at low temperatures and transform into
ceramic materials upon heating to relatively high temperatures. Manufacturing of
ceramic compounds from the preceramic polymers requires a heat treatment to form the
inorganic compounds designated for the end use. These polymers are used to produce a
variety of non-oxide ceramics that can be determined by molecularly altering the
compound to suit the end use. A diagram of the preceramic organosilicon polymer is
shown inFigure 1.3. With this unique class of polymers to produce ceramic compounds,
unique challenges have risen to create a fully densified ceramic component.
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Figure 1.3: Examples of Preceramic Organosilicon Polymers [31]

Preceramic polymers are long chain molecules that are made up of a backbone of
inorganic elements with organic branches. The organometallic polymer converts from
polymer-to-ceramic at temperatures that range from 500°C to 800°C as the organic
components are shed. This forms a network of inorganic elements which can be
crystallized by heating to higher temperatures (1000°C to 1600°C). A diagram of the
polymer-to-ceramic conversion process is shown in Figure 1.4 [32].
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Figure 1.4: Schematic of molecular and microstructural transition of polymer-to-ceramic
conversion [32]
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Polymer precursors contain a silicon group, or in some cases boron or aluminum
group, in the backbone of the chain molecule and are used to obtain a variety of ceramic
compounds such as SiC, SiCO, SiCN, BN, and AlN [33], [34]. The organosilicon
polymers are represented by the general formula:

I
___[Si - XJ-1

n

Rz
Modifying the group X on the polymer backbone and the substituent R1 and R2,
the preceramic compound can be tailored at the molecular level. CFCCs produced from
polymer precursor offer several advantages to designers. The chemical composition and
nanostructural organization of these ceramics can be tailored to the requirements of the
end-user application by controlling the curing and pyrolysis processes. Complex shapes
that were not possible with ceramics earlier were produced using polymer precursors
[31].
Even though ceramic yields as high as 85% had been reported, the main challenge
in processing ceramics via a polymer precursor is the open pores and cracks that form
[35]. These flaws are due to volatile evolving, a less than 100% ceramic yield, along
with the volumetric shrinkage due to the increase in density of the material as it coverts
from the low density polymer to the higher density ceramic. Hence, several reinfiltration cycles are required to fully densify the ceramic component.

1.5. SILICON CARBIDE
Though there are a variety of ceramic compounds that can be produced using
polymer precursor, the focus of this study is on organosilicon polymers that produce
silicon carbide (SiC). SiC is one of the most prevalent ceramics used due to its high
strength, modulus, creep resistance, and oxidation resistance at temperatures as high as
1600°C [36,37]. Because of these properties and others, polymer-derived SiC is an
excellent candidate for use as a component in ultra high temperature ceramic composites.
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Silicon carbide is a superior candidate as a component in an ultra high temperature
composite due to its thermal shock resistance and chemical stability. These
characteristics have attracted attention to use of SiC as a potential component in
advanced material systems [38]. Lee et al. [39], in a study of the effect of cyclical
thermal shock on candidates for matrix materials, observed no change in the hardness and
even an increased in fracture toughness for SiC as compared to the other ceramics
considered. SiC has also attracted a lot of attention for applications in joining of ceramic
parts for a wide range of applications [40,41].

1.6. THESIS OVERVIEW
The objective of this study to manufacture a continuous fiber reinforced ceramic
composite for use in ultra high temperature applications and to characterize the material
produced. This particular investigation was part of a larger study to develop the next
generation of ultra high temperature materials to meet the rising demand on this unique
category of material.
For the manufacturing of the CFCCs in this investigation, two commercially
available organosilicon polymer resins were used to create SiC/ZrB2-SiC composites.
The first is an allylhydridopolycarbosilane and the second is polyureasilazane. Both
resins have low viscosity at room temperature. The matrix of the ceramic composite
produced contains high loading of ultra high temperature additive, ZrB 2, bonded together
with SiC derived from the polymer precursors. The high solid loading of the resin is to
increase the thermal stability of the composite material and to minimize volumetric
shrinkage in the matrix during the pyrolysis process, ultimately minimizing the void
content of the material. The slurry was then infused into a plane weave SiC perform to
produce prepreg sheets. These prepreg sheets were then formed into a multilayer layup
to produce flat panels in an out-of-autoclave process to cure to a greenbody state. The
samples were then completed using a repeated PIP process to form a dense ceramic
matrix.
The processing of these materials was characterized and the end materials'
mechanical properties were evaluated. The processing itself was characterized by
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tracking the physical and microstructural changes that occurred as the material evolved
throughout the thermal processing. Subsequently, the mechanical properties were
evaluated using three point bending test to determine flexural properties of the CFCCs.
Wedge sample were also produced to demonstrate the ability to produce CFCC of
complex geometry from polymer precursors, and the effectiveness of re-infiltration was
studied.
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2. REVIEW OF LITERATURE

2.1. PRECERAMIC POLYMER PROCESSING
In the early 1970s, Verbeek et al. [42] produced frrst practical production of

ShNi""SiC from a polymer precursors transformation based on polysilazanes,
polysiloxanes, and polycarbosilanes. Further progress was achieved by Yajima et al. [43]
in synthesizing high tensile strength silicon carbide fibers using polycarbosilanes.
Johnson et al. [44] at NASA Ames Research Center studied the thermal conductivity,
fracture toughness, and oxidation resistance of the hafnium and zirconium based
composites manufactured via hot press process. Nejhad et al. [45,46] investigated
manufacture of CFCCs using Nicalon and Nextel fibers with a preceramic polymer
derived matrix utilizing filament winding and vacuum assisted resin transfer molding
processes. Lee et al. [47] fabricated composites with carbon fiber and two-component SiB-C-N precursor using vacuum infiltration process. Stepwise thermal cross-linking was
used during the curing process and flexural properties were reported. Leijang et al. [48]
performed studies on impact damage evaluation of carbon fiber reinforced SiC polymer
precursor composites. Zhu et al. [49] reported monotonic tension, fatigue and creep
behavior of Hi-Nicalon SiC fiber reinforced SiC composites manufactured using CVI
process. The authors reported that Hi-Nicalon fibers composites had similar properties of
enhanced SiC/SiC composites but at higher costs. Sayir et al. [50] from NASA Glenn
Research center manufactured Hafnium carbide composites using CVI process and
studied the microstructure and tensile properties. Al-Dawery and Butler [51] used Nextel
720 fibers in a combination of Zr0 2 and AKP50 alumina powder to manufacture ceramic
composites using pressure-less sintering process.

2.2. ALL YLHYDRIDOPOL YCARBOSILANE
Silicon carbide is the polymer derived ceramic that is of interest to this
investigation. The first of the organosilicon polymers examined to produce SiC for this
study is allylhydridopolycarbosilane (AHPCS). It is a poly(carbosilane) that yields a near
stoichiometric ratio of silicon to carbon upon complete pyrolysis with a low oxygen
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content [52]. Its high ceramic yield, relatively low shrinkage, and ability to be handled in
ambient conditions have attracted wide attention as a precursor to SiC fibers, and as a
matrix material [38, 53, 54].
In 1958, the first reported formation ofpoly(carbosilane) from a polysilane was

performed by Kumada et al. [55]. Whitmarsh et al. [56] first reported the synthesis of
AHPCS from (chloromethyl)trichlorosilane in 1991. AHPCS is commercially available
through Starfire Systems and is being widely researched as a binder for ceramic powders
and matrix source for polymer derived ceramic matrix composites [33,57].

2.3. POL YUREASILAZANE
The second of the organosilicon polymers examined to produce SiC for this study
is polyureasilazane. It is an poly(silazane) that yields a near stoichiometric ratio of
silicon to carbon upon complete pyrolysis with a low oxygen content in an argon
atmosphere [58]. The high ceramic yield of polysilazanes, along with relatively low
shrinkage, attracted attention as precursor to SiC fibers and as a matrix material [58,59].
The first publications on the production ofpoly(organosilazanes) from organosilicon
chloride appeared in 1964 by Kruger and Rochow [60]. PURS is commercially available
through KiON Corp. (Clariant Business) and is an attractive inexpensive alternative to
AHPCS [33].
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3. MATERIALS

3.1. RESIN SYSTEMS
Two commercially-available organosilicon polymer resins were investigated for
this study. The first was an allylhydridopolycarbosilane chosen for the ease of use and
the high ceramic yield. The second was a polyureasilazane chosen for high ceramic yield
and as a more economical efficient route.
The allylhydridopolycarbosilane designated SMP-10 is a polymer precursor
acquired from Starfire Systems. This is an ultra high purity precursor that yields a near
stoichiometric Si:C ratio upon pyrolysis completion in argon. At room temperature, the
resin is a clear or amber-colored, viscous liquid and has properties as listed in Table 3.1.
Starfire System data for SMP-10 indicates the polymer undergoes a low temperature
green cure between 180°C and 400°C. Amorphous SiC is formed, in argon, at 85012000C with a high ceramic yield of 72-78% and relatively low volumetric shrinkage of
-35%. Nano-crystalline J3-SiC is then formed at 1250-1700°C. The SiC formed is stable
up to 1800°C in air and has a 1: 1 silicon to carbon atomic ratio.

Table 3.1: Properties of SMP-10 as obtained from Starfire Systems data sheet

Property

SMP-1 0 (AHPCS)

Density

0.998 g/cm 3

Appearance

Amber liquid

Viscosity

40-1 00 cps @ 25°C

Flash Point

89°C

Moisture Absorption

<0.1 °/o in 24 hours at room temperature

Surface Tension

30 dynes/cm 2

Volatile

H

Hazard Identification

Non Hazardous

Storage

Vacuum container or inert environment; Refrigerated

Green Cure

180-400°C

Amorphous SiC

850-1200°C

Nano-Crystalline SiC

1250-1700°C

14
The polyureasilazane designated as PURS is a polymer precursor acquired from
KiON Corp. (Clariant Business). This is an ultra high purity precursor that yields a near
stoichiometric Si:C ratio upon pyrolysis completion in an argon atmosphere. At room
temperature, the resin is a clear, viscous liquid and has properties as listed in Table 3.2.
KiON Corp. data for PURS indicates the polymer undergoes a low temperature green
cure between 90°C and 200°C. Amorphous SiC is formed at 850-1200°C in an argon
atmosphere with a high ceramic yield of 72-78% and relatively low volumetric shrinkage
of -35%. Nano-crystalline (3-SiC is then formed at 1250-1700°C. The SiC formed is
stable up to 1800°C in air and has a 1: 1 silicon to carbon atomic ratio.

Table 3.2: Properties of polyureasilazane as obtained from KiON data sheet

Property

PURS

Density (Greenbody)

1.1120 g/cm 3

Appearance

Clear

Viscosity
Flash Point
Specific Gravity of Liquid

0.96

Surface Tension

30 dynes/cm

Volatile

NH3

Hazard Identification

Serious (Corrosive)

Storage

Vacuum container or inert environment

Green Cure

90-200°C

Amorphous SiC

850-1200°C

Nano-Crystalline SiC

1250-1700°C

2

3.2. ULTRA HIGH TEMPERATURE ADDITIVE
ZrB2 is an ultra high temperature refractory ceramic material with a hexagonal
crystal structure. This material was chosen to be the additive for this investigation due to
the high melting point, above 3200oC, relatively low density of 6.09 g/cm3, and good
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high temperature mechanical properties. In this work, the ZrB2 was acquired from H.C.
Starck with the properties presented in Table 3.3. Parts manufactured from this material
are typically fabricated using high cost sintering techniques with SiC additive to improve
oxidation resistance. This makes this material a good candidate in the low cost PIP
fabrication technique as an additive to the SiC matrix in the ultra high temperature
CFCCs. ZrSi2 was added in order to aid in the densification of wedge samples. After the
samples were produced it was discovered, through XRD testing, that what was acquired
as ZrSi2 was not pure. Table 3.4 shows the composition and properties of each
component of this sintering aid powder mixture.

Table 3.3: Properties of ZrB 2 grade B as obtained from H.C. Starck data sheet

Property
Density

6.09 g/cm3

Appearance

Grey-Black

Hafnium
Average Particle Size/Laser Diffraction 050

1.5-3.0 Jlm(90% < 6.0 Jlm)

Table 3.4: ZrSh composition as received
As-received ZrSi 2

(Lot#: JIOX032)

Density

Mw

wto/o

vol%

(glcm3 )

(glmol)

(%)

(%)

ZrSh

4.88

147.391

19.6

15.76

Zr02

6.1

123.22

39.2

25.22

Si

2.329

28.0855

28.7

48.36

ZrSi04

4.64

183.3055

12.6

10.66
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3.3. CERAMIC FIBERS
The SiC fiber selected for this study was Hi-Nicalon ceramic fiber acquired from
COl Ceramics, Inc. The Hi-Nicalon fiber is a multi-filament silicon carbide-type fiber
manufactured by Nippon Carbon Co., Ltd of Japan. The fiber is near oxygen free and is
homogeneously composed of ultra-fine beta-SiC crystallites and carbon. Table 3.5 shows
the properties provided by COl Ceramics, Inc.

Table 3.5: Properties of Hi-Nicalon fibers provided by COl Ceramics, Inc
Property

Hi-Nicalon

Fiber Denier

1800

Density

2.74 g/cm

Composition

62:37:0.5 wt.% (Si:C:O)

Filament Diameter

14um

Tensile Strength

2.8 GPa

Tensile Modulus

270 GPa

3

The high purity of these fibers contributes to the high resistance to oxidation and
thermal stability. These fibers are produced for the primary use in high temperature
ceramic composites as reinforcement. Hi-Nicalon ceramic fibers are available as multifilament tows, woven cloth and as chopped fibers. For this investigation, the tensile
samples were manufactured with plain weave mat, shown on the left in Figure 3.1. For
the wedge samples, 5-harness woven mats were coated with 0.2 J..Lm of silicon doped
boron nitride to act as thermal barrier protecting the fibers from degradation at the ultra
high temperature of the arc jet testing. A sample of this mat can be seen on the right in
Figure 3.1.
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Figure 3.1: Image ofHi-Nicalon plain weave mat (left) and image of silicon doped BN
coated Hi-Nicalon 5 harness woven mat (right)
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4. FABRICATION AND EVALUATION

4.1. OVERVIEW
For this study, polymer infiltration and pyrolysis (PIP) process was used to
produce continuous fiber reinforced ceramic composite samples. Specimens were
produced of two geometry types. Flexure test samples were prepared from both SMP-1 0
and PURS resin systems. These samples were standard rectangular flexure bar samples.
Samples were also produced to demonstrate the ability to produce CFCC of complex
geometry from SMP-1 0. These specimens were wedged shaped with the front edge
reinforced with fiber mats, dimensions shown in Figure 4.1. All samples were prepared
from an initial prepreg based out-of-autoclave (OOA) process then pyrolysis and reinfiltrated repeatedly to densify the matrix.

Fiber reinforcement

r
a cmm)
33.1

I

b (mm)

13.1

I r 3.18
Cmm) Iaf')l length (mm) I
16
48.8

Figure 4.1: A sample wedge specimen geometry

The test specimens were fabricated with an initial fiber cloth mat infiltrated with
high solids loaded slurry, cut to dimension, laid-up in an OOA vacuum bag configuration
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and cured to a greenbody state. The samples were then removed from the bag and
pyrolyzed in an argon atmosphere to shed the organic components of the polymer leaving
amorphous SiC. Subsequently, the samples were submerged in a resin bath toreinfiltration the voids that formed from the prior thermolysis processes. The polymer
infiltration and pyrolysis processes were repeated three times for the flexure test samples
to attempt a minimum number of re-infiltration cycles and ten times for wedge samples.
On the final cycle of the flexure test specimen, and final two cycles of the wedge
specimen, the samples were pyrolyzed at high temperature to produce nano-crystalline

J3-

SiC. The high temperature heat treatment was repeated twice in attempt to open closed
pores and have a more complete re-infiltration for the final samples. A flow chart of this
process can be seen in Figure 4.2.

PowderAddltlvR~nftttratlon

Bath

High

Tempe.-.ture
Pyrolyala
(1800 OC)

Figure 4.2: Flow chart of the CFCC manufacturing process

4.2. SLURRY PREPARATION
The slurry production technique for all samples was identical; however, the slurry
composition was modified for the wedge samples to aide in the densification during
pyrolysis. The slurry volume percent composition for each set of samples is listed in
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Table 4.1. The first step for production of the slurry was to ball mill the powdered
ceramic additives for one hour with SiC media to de-clump and achieve a homogenous
mixture. The powder was then subjected to a 24 hour period in a vacuum assisted drying
oven at -29 in/Hg and a temperature of 60°C to ensure minimal moister in the mixture.
As the powder completed the drying period, the resin was simultaneously degassed in a
vacuum chamber for one hour at -29 in/Hg. The two components were then mixed using
a manual, high shear, vacuum assisted mixing chamber for 30 minutes at approximately 2
revolutions per second, until the mixture was fully homogenous. The slurry was then
degassed for 12 hrs or until no visible bubbles were formed on the surface. It was found
that introducing a vibration during the degassing of the high solids loaded slurries the
required time was dramatically reduced.

Table 4.1: Volume percent composition of slurry mixtures

Test Samples

Resin
(%V)

Zr82
(%V)

ZrSi2 mixture (%V)

SMP-10 Flexure
(Prepreg)

50

50

0

SPM-10 Flexure
(re-infiltration)

80

20

0

PURS Flexure
(Prepreg)

50

50

0

SMP-10 Wedge
(Prepreg/Core Fill)

50

45

5

4.3. PREPREG FABRICATION
The prepreg fabrication for all samples was performed in the same manner. The
weight of the fiber mat to be infiltrated was measured and the theoretical volume was
determined from the reported density of the fibers. The slurry was measured out to
produce a 40% fiber volume fraction once combined with the fiber mat. The degassed
slurry was thinned by adding a solvent, methyl ethyl ketone (MEK), at 10% by volume to
aid infiltration into the woven fiber mats. The fiber mats were placed on a release film
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and 50% of the pre-measured slurry was applied, using a spreader blade, in both
directions of the weave. This process was then repeated to the reverse side of the fiber
mat. After sufficient impregnation, the solvent was evaporated from the fiber mat at
ambient conditions for 30 min. Subsequently, the mats were subjected to a 1 hour period
in the vacuum assisted drying 60°C and full vacuum to remove as much solvent prior to
the greenbody OOA cure sequence.

4.4. OUT-OF-AUTOCLAVE PROCESS
The OOA bag setup for all samples was configured the same. The mold for the
flexure test sample was a 16" x 16" x IA" thick flat AI 2024 plate. The mold for the
wedge test samples, shown in Figure 4.3, was machined from a block of AI 2024 to form
a female profile of the test sample.

Figure 4.3: Image of the mold for the wedge samples seen here with end plate removed
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The mold was covered with fluorinated ethylene propylene (FEP) release film to
prevent the resin adhering to the mold surface. The woven fiber mats were then stacked
in a multi-layer configurations. The flexure samples were configured in an 8-layer
[0°/90°/0°/90°] symmetric laminate. The wedge samples were configured in a 4-layer
[0°/90°] symmetric laminate. A second FEP film was placed over the fiber layup to
ensure a quality surface finish and to prevent the following layers from interacting
directly with the surface of the laminate. This layer was followed by a layer of polyester
fiber breather that gave passage to a vacuum hose outlet installed for trapped gases to be
evacuated. This set up was then sealed around the edges of the mold with a sealant tape
that adhered to the mold and to a nylon bagging film that covered the entire mold. A
diagram of this bag configuration can be seen in Figure 4.4. An image of the OOA set up
on the flat plate mold can be seen in Figure 4.5. The OOA bag setup was then subjected
to a 1 hr de-bulking cycle to remove excess gases from between the lamina prior to the
greenbody curing cycle.

bag

breather

release
film
laminate

sealant
tape

Figure 4.4: Out-of-autoclave bagging configuration
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Figure 4.5: Image of flat panel out-of-autoclave bag setup

4.5. GREENBODY CURE
The greenbody cure cycle for the two resin systems was developed from technical
data provided by the manufacturer of the respective system. During the greenbody cure
cycle the liquid resin system polymerized to a rigid, cross-linked polymer. As suggested
by both manufacturers of the resin systems, a slow heating rate of 0.3°C was utilized for
the polymer cure cycles. The slow heating rate was used to limit the amount of voids
formed as volatile were produced by providing time for the volatile to be drawn out of the
laminate through the vacuum outlet. The PURS and the SMP-1 0 both were initially
cured at a lower temperature, 160°C and 180°C respectively. These temperatures were
held, under full vacuum, for 6 hours. The samples were then removed from the bag set
up, and an out of bag post cure cycle at 200°C was performed to ensure complete cure of
the resin system. The full greenbody cure cycle for PURS required -18.5 hours, shown
in Figure 4.6, and for SMP-10 -19 hour, shown in Figure 4.7. After the initial green
cure, the flexure test samples were machined to the required specimen size and the wedge
sample core was fabricated in situ.
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4.6: Greenbody cure cycle used for PURS

SMP-10 Greenbody Cure Cycle
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Figure 4.7: Greenbody cure cycle used for SMP-10

4.6. WEDGE SAMPLE CORE FABRICATION
Following the initial greenbody cure of the wedge samples, the core was
fabricated. The 4-layer greenbody laminate pre-form was filled while in the mold cavity
with the aforementioned slurry mixture. For this process, the slurry was thinned with 5%
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MEK to allow for good flow into the back cavity. The MEK was evaporated off under a
-29 in/Hg vacuum for two hours. Subsequently, the greenbody cure cycle was repeated.
These samples were then machined to length in preparation for pyrolysis to the
amorphous ceramic state.

4.7. LOW TEMPERATURE PYROLYSIS
The low temperature pyrolysis heat treatment profile for all samples was the
same. All pyrolysis was conducted in a vertically loaded tube furnace under an argon
atmosphere. The samples were heated to 200°C at 10°C per minute and held for 1 hour to
ensure full cure of the polymer prior to increasing to the pyrolysis temperature. The
temperature was then ramped to 800°C, at 5°C per minute, and held for 1 hr. Argon was
used to prevent the oxidization of the SiC to produce a near stoichiometric ratio of Si:C.
As the organic substituent is burnt off, the polymer undergoes a volumetric shrinkage
leaving voids in the amorphous ceramic matrix. This leaves the sample brittle and weak.
To decrease the voids created in the samples the materials were then re-infiltrated.

4.8. RE-INFILTRATION
There-infiltration process for the three specimen type was varied in tum to try
improving on the effectiveness of this process. The re-infiltration processes for the
flexure test samples were very similar. The wedge sample's re-infiltration process varied
to a wider degree than the other two processes.
There were two variations between the flexure tests specimens. First the SMP-10
flexure samples re-infiltration process was performed in a slurry bath, whereas the PURS
was performed in a nest resin bath. There-infiltration was performed at 60°C to decrease
the viscosity of the resin and aid infiltration. Vacuum was applied and released in
increments of 30 minutes for PURS and 60 min for the SMP-10. This was then repeated
4 times for the two re-infiltration cycle.
The re-infiltration of the wedges varied more due to the samples having a core
which had greater volume of slurry allowing for a greater potential for volume shrinkage.
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As can be seen in Figure 4.8, after the first pyrolization of the samples, the core pulled
away from the fiber reinforcement. These gaps were infiltrated with slurry with same
percent volume ratios as the prepreg and core, discussed in Section 4.2. The slurry,
thinned with 10% by volume MEK, was injected into the cracks until samples were
submerged in the slurry. The samples were then placed under -29 in/Hg vacuum for 5
min to pull entrapped gases from the sample.

Figure 4.8: Image of wedge after 1st pyrolysis cycle showing core separation from fiber
reinforcement due to excessive shrinkage in core

The following re-infiltrations were conducted by submerging the samples in a
SMP-1 0 neat resin bath. Vacuum was applied for 12 hours, until gas bubbles pulled from
samples slowed to less than 1 in 5 seconds. The samples, while still submerged, were
then sealed in an argon atmosphere at atmospheric pressure and subjected to a sonic bath
for 12 hours. This cycle was repeated 5 time pre re-infiltration cycle or until the rate of
bubbles evolving did not exceed 1 in 5 seconds.

4.9. HIGH TEMPERATURE PYROLYSIS
The high temperature pyrolysis heat treatment profile for all samples was the
same. The flexure test samples were subjected to this cycle once and the wedge twice.
All pyrolysis were conducted in a vertically loaded tube furnace under an argon
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atmosphere. The samples were heated to 200°C at 10°C per minute and held for 1 hour to
ensure full cure of the polymer before increasing to the pyrolysis temperature. The
temperature was again ramped to 800°C, at S°C per minute, and held for 1 hr. The
temperature was then ramped to 1600°C, at S°C per minute, and held for 1 hr. The
samples were then allowed to cool. The wedge samples were then machined to final test
size specifications.

4.10. POLYMER INFILTRATION AND PYROLYSIS EVALUATION

As mentioned in previous sections, voids are a main concern when producing
CFCC from polymer precursors. Re-infiltration of the CFCCs is pivotal to achieve
optimal material properties. This process was evaluated by tracking the increase in mass
per PIP cycle to determine the percent mass increase as correlated to the number of PIP
cycles.

4.11. MICROSTRUCTURAL EVALUATION

The properties of CFCCs material is greatly influenced by defects in the form of
voids. Processing of polymer precursors inherently creates these defects; therefore the
quality of CFFCs produced using the PIP process is dependent on effective re-infiltration
of the material following the initial amorphous pyrolization. Voids in the greenbody are
formed by several sources. Initial voids are formed in the fiber tows due to an inability
for the slurry to penetrate into the center. During the lay-up process voids are produced
by air entrapment between the lamina, and other voids in the greenbody are formed as
volatiles are formed and trapped during the cure cycle. To analyze the effectiveness of
the re-infiltrations scanning electron microscopy analysis was performed. Samples were
cut from center of un-tested flexure specimen using a precision diamond saw and from
the wedges. These samples were then mounted using a two part epoxy resin system. The
specimens were placed into a mold and a mixture of 3 parts epoxy resin and 1 part
hardener was poured into the mold. The epoxy was then cured for 24 hours at room
temperature. The mounted specimens were polished to a finish of 1 J.tm. The samples
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were then viewed using scanning electron microscopy (SEM). The captured images were
analyzed visually to determine the effectiveness of the sequential re-infiltrations.

4.12. MECHANICAL TESTING
The specifics of the 3-point flexure test performed for this investigation are based
on ASTM standard C 1341-06, "Standard Test Method for Flexural Properties of
Continuous Fiber-Reinforced Advanced Ceramic Composites." The flexure test was
performed to provide preliminary information on the flexure strength and to analyze the
stress-strain behavior of the CFCCs. However, this test is not intended to determine the
tensile or compressive properties of this material due to the non-uniform stress
distributions in the specimen, dissimilar mechanical response in tension and compression,
low shear strength and anisotropic material behavior of CFCCs. The test specimens for
these tests have a span-to-depth ratio of 16: 1. The support span for a sample with
thickness 3 mm was set at 48 mm. The width of the sample was 9 mm to ensure that the
width was greater than twice the width of the repeating unit of the weave of the fiber
reinforcement. The length of the specimen was set to allow for at least 5o/o overhang past
the outer supports to minimize shear failures and prevent the specimen from slipping
through the supports. The final test specimen dimensions were set as 3 mm x 9 mm x 60
mm. Crosshead speed was maintained at 0.13 mm/sec.
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5. RESULTS AND DISCUSSION

5.1. POLYMER INFILTRATION AND PYROLYSIS MASS ANALYSIS
The mass analysis showed successful infiltration into all samples with a decrease
of percent mass gain for subsequential cycles. Samples failed during pyrolysis process
preventing data for these samples after the event. The flexure test specimen data
indicates that the low solids loaded slurry was less effective than neat resin for infiltration
of the microstructure formed by this process. The wedge sample data indicated a high
initial weight increase that dropped to less than 1% by the final re-infiltration.
During the PIP processing of the flexure test specimen, 3 of the 5 SMP-10 derived
samples and 5 of the 7 PURS derived samples failed during the pyrolysis process.
Hence, two samples of each were tracked for mass increase throughout the 3 PIP cycles.
The percent mass increase for these samples are shown in Figure 5 .1. The graph shows
that the mass increase for the PURS derived sample for the first re-infiltration ranges
from 8.9% to 10.2%. The percent mass increase for the SMP-10 derived samples was
from 4.3% to 5.5%. For the second re-infiltration the percent increase for the PURS
derived samples range from 2.7% to 3%, whereas the percent mass increase for the SMP10 for the third PIP cycle was 1.4% to 1.9%.
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Figure 5.1: Graph showing the percent mass increase of the flexure specimens per PIP
cycle
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During the PIP processing of the wedge samples, 2 of the 4 wedges produced
failed. In the

gth

PIP cycle, a portion of the laminate failed in wedge sample number 2

while being subjected to the high temperature pyrolysis sequence. However, the failure
was located away from the front edge; therefore the sample was deemed usable for the
testing and the final re-infiltration and pyrolysis cycles were performed. An image of this
sample is shown in Figure 5 .2.

I

\

.

Figure 5.2: Image showing damage caused during the high temperature pyrolysis cycle
to wedge sample 2.

Wedge sample number 3 failed catastrophically during the 1Oth PIP cycle while
being subjected to the high temperature pyrolysis. Images of this sample after failure are
shown in Figure 5.3.

Figure 5.3: Images of the wedge 3 after catastrophic failure during final heat treatment.
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Weight changes for the failed samples would give little to no insight to the
effectiveness of the PIP process; therefore no data points for these samples are presented
after failure. Figure 5.4 is a graph of the percent weight change for the wedge samples.
The graph shows that there was a large mass increase during the

2nd

PIP cycle. This

cycle correlates to the slurry re-infiltrations filling the gaps formed form the core
shrinkage. The

3rd

PIP cycle shows the first infiltration of neat resin. From this cycle on

the percent mass increase does not rise above 5% for any of the samples. On the

7th

cycle

all the percentages drop below 1%. There was a spike in mass increase for sample 3 on
cycle 8, which was the wedge that fails catastrophically on the final cycle.
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Figure 5.4: Graph showing the percent mass increase of the wedge specimens per PIP
cycle
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5.2. MICROSTRUCTURE
The results for SEM images support the finding from the sequential PIP mass
analysis. This showed a good infiltration of the tensile samples and densification of the
matrix; however there were large voids present and cracks with lack of material. The
wedge sample images showed similar results with good matrix densification, but large
void content.
The PURS samples were re-infiltrated with neat resin system. Figure 5.5 and
Figure 5.6 display good re-infiltration into fibers tows and inter connected cracks from
the initially PIP cycle to the 3rd cycle. Though several large voids were still present,
there were sizable voids filled and some partially infiltrated. The majority of the small
defects were filled.

Figure 5.5: SEM image of PURS CFCC after initial pryolyzation (SOX)

33

Figure 5.6: SEM image of PURS CFCC after 3 infiltration (SOX)

Figure 5.7 shows a dense matrix with ZrB 2 particles secured by SiC along with a
crack that was filled with polymer derived SiC.

Figure 5.8 is a void that was filled

sequentially with SiC. Fibers that are surrounded by a dense matrix are also shown in
this image.

Figure 5.7: SEM image ofPURS derived CFCC prior to final heat treatment (2000X)
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Figure 5.8: SEM image of PURs derived CFCC post high temperature heat treatment
(200X)

The SMP-10 samples were re-infiltrated with low solids loaded slurry. Figure 5.9
and Figure 5.10 show some re-infiltration into fibers tows and partial infiltration into the
interconnected cracks throughout the matrix from the initially PIP cycle to the end of the
3rd

cycle. The density of the SiC in the fibers after the final heat treatment was less than

that for the neat resin reinfiltrated PURS sample. There were less initial large voids, but
there-infiltration was less successful than with the PURS.

3S

Figure S.9: SEM image of SMP-10 derived CFCCs after 1st pyrolysis (SOX)

Figure 5.10: SEM image of SMP-10 derived CFCCs after final heat treatment (SOX)
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Figure 5.11 shows a dense matrix with ZrB 2 particles secured by SiC; however
this crack was only partially fill polymer derived SiC. This crack was a good
representative of the majority of cracks found in the matrix of this material. Figure 5.12
displays a void that had not been infiltrated SiC, which was characteristic of the majority
of the voids found.

Figure 5.11: SEM image of SMP-10 derived CFCC after final heat treatment (1500X)

Figure 5.12: SEM images of SMP-10 derived CFCC after final heat treatment (400X)
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The wedge samples were re-infiltrated with neat SMP-10 resin. Figure 5.13
shows re-infiltration into fibers tows and inter connected cracks; however, there were
large void with no evidence ofre-infiltration, such as shown in Figure 5.14. This
suggests closed porosity that cannot be re-infiltrated.

Figure 5.13: SEM image of wedge sample tip after final heat treatment (35X)

Figure 5.14: SEM image of wedge sample after final heat treatment near tip (80X)

38
Figure 5.15 is an image of the fibers near the front edge. The fibers were
undamaged and had ZrB2-SiC penetrated into the tow. This also shows a void that had
been partially infiltrated with SiC. Figure 5.16 shows an image of a fiber with the silicon
doped BN coating undamaged. Micro porosity was also shown in the matrix surrounding
the fiber.

Figure 5.15: SEM image of wedge sample near front edge after final heat treatment
(350X)
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Figure 5.16: SEM Image of a fiber from near the tip of the wedge sample after final heat
treatment (3500X)

Figure 5.17 is an image of the core at 500X magnification. Here we see that the
matrix had micro porosity and the crack had very little SiC infiltration. Figure 5.18
shows two voids that were not filled. The void on the left, at 35X magnification, shows a
large void that had a fractured surface and had no visible·passages for material to flow for
infiltration. The image on the right is of a pore that was partially re-infiltrated with a
connecting crack that appears to be seal from polymer derived SiC.
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Figure 5.17: Image of the wedge sample core after final heat treatment (500X)

Figure 5.18: Image of the wedge sample core after final heat treatment at 35X
magnification (left) at 60X magnification (right)
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5.3. FLEXURE TEST
Figure 5.19 and Figure 5.20 show the flexural stress versus strain curve of the
CFCCs manufactured using PIP processes. The maximum flexural strength and modulus
for SMP-10 derived CFCC were observed to be 28 MPa and 119 MPa respectively. The
maximum flexural strength and modulus for PURS derived CFCC were observed to be
32 MPa and 183 MPa respectively.

The results of the PURS samples showed a

significant difference. This was possible due larger voids in the weaker sample or mirco
cracks that developed prior to testing. Test results indicate that the failure of the CFCCs
samples was not catastrophic compared to monolithic ceramics. The crack propagation
was retarded in the CFCC due to addition of the fiber reinforcements. However, the
flexural strength decreased due to presence of voids.

SMP-10 derived CFCC

Stress vs. Strain
35

30
25
Ci
~

~

...~~
CLI

20
15
10

-

s.amplel

-

sample2

5
0
0

0.2

0.4

0.6

0.8

Strain(%)

Figure 5 .19: Flexural stress versus strain of SMP-1 0 derived SiC/SiC-ZrB 2 CFCC
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PURS derived CFCC
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6. CONCLUSIONS

CFCCs were successfully manufactured using low cost OOA and PIP processes.
The microstructural analysis showed that the samples were re-infiltrated and the void
content was significantly reduced. The low solids loaded slurry was less effective for reinfiltration. The neat resin enabled improved re-infiltration; however closed porosity
such as gas pockets that formed during the greenbody cure were not infiltrated. Also, the
passageways to the voids that were open were sealed preventing complete re-infiltration
of some void. The voids that were not able to be infiltrated greatly reduced the overall
properties of the materials.
This was reflected in the flexure tests that showed that the fiber reinforcement
prevented catastrophic failure. However, the flexure strength was far less than a
monolithic counterpart due to the presence of large void density. Further re-infiltrations
and fiber coating will need to be investigated to further improve the mechanical
properties. Improvement on the initial greenbody cure process will need to be made to
minimize the large voids formed from volatiles and other trapped gas. To get conclusive
material properties there will need to be a minimum of 5 test specimen for each material
and process. Impact, fatigue and thermal properties of the materials should be analyzed
to increase understanding of these materials and the mechanical properties should also be
tested at elevated temperatures to determine the thermal effects and limits.
The wedge samples were fabricated using the process developed. These samples
of more complex shape and with greater thickness had an increase in large voids. The
scanning electron micrography also showed that the re-infiltration on the thicker,
complex shape was less effective than for the thinner flexure bar samples. The next step
for research of this material could be to study there-infiltration correlation to the
thickness. A finite element model of there-infiltration process should be developed to
optimize the geometry to maximize re-infiltration efficiency.
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